Unfolding of the nucleosomes in transcriptionally active chromatin uncovers the sulfhydryl groups of histone H3 and permits the selective recovery of the unfolded nucleosomes by mercury-affinity chromatography. This new technique has been used to compare the nucleosomal proteins and their postsynthetic modifications in the unfolded and the compactly beaded nucleosomes of HeLa cells in logarithmic growth, and at different stages of the growth cycle. The Hg-bound nucleosomes are shown to be deficient in replicating DNA sequences, but to remain associated with fragments of nascent RNA chains (or RNP particles) during gradient centrifugations. Both nucleosome fractions contain a full complement of "core" histones but differ with respect to postsynthetic modifications. The Hg-bound nucleosomes contain high levels of the tri-and tetra-acetylated forms of histones H3 and H4. The unbound nucleosomes are deficient in acetylated histones but enriched in phosphorylated H2A. In synchronized HeLa cells, histone H2A and H4 gene sequences occur in the Hg-bound nucleosomes during the S-phase when their transcription takes place, but not in the G2-phase when the genes are repressed.
INTRODUCTION
A new procedure for the chromatographic separation of nucleosomes from transcriptionally active and inactive DNA sequences has been described (1). It is based on the observation that the nucleosomes of ribosomal genes undergo reversible conformational changes during transcriDtion. This change, an unfolding of the nucleosome "cores" along the transcription unit, uncovers the previously shielded sulfhydryl groups of histone H3 (2). These sulfhydryl groups are not accessible to SH-reagents in the compactly beaded nucleosomes of inactive chromatin (1 -7) but they become accessible when transcription begins (1,2,8). The difference in H3-SH accessibility in active and inactive chromatin makes it possible to isolate the unfolded, SH-reactive nucleosomes by mercury-affinity chromatography (1).
The feasibility of this approach has been confirmed by studies which show that liver nucleosomes retained by an organomercurial-agarose column are enriched in DNA sequences expressed specifically in the liver (e.g. the albumin and transferrin genes) but lack DNA sequences expressed in the brain > IR L Press Limited, Oxford, England.
but not in the liver (e.g. pre-proenkephalin DNA) (1) . Hg-affinity chromatography has also been employed to study the rapid and reversible changes in nucleosome conformation that accompany the activation and repression of proto-oncogenic DNA sequences in murine fibroblasts (8) . It was shown that the binding of the c-fos and c-myc nucleosomes to the mercury column accurately reflects both the timing and the degree of their expression, as determined by run-off transcription assays in the isolated nuclei.
Unfolding of the nucleosome cores during transcription appears to be a general phenomenon which takes place on genes transcribed by RNA polymerase I (e.g. the ribosomal genes of PhyiOAum polyczphalum (2) ) and on genes that are transcribed by RNA polymerase II (e.g. the albumin and transferrin genes of the rat (1) , and murine c-fos and c-myc (8) ). The activity of specific genes is readily monitored by recovering the nucleosomes from the mercury column and probing their DNA sequence contents by dot-blot hybridizations to 3Z P-labeled cDNA probes (1, 8) .
This procedure has now been applied to the analysis of the differences in structure of active and inactive nucleosomes of cultured human (HeLa) cells. We show that the nucleosomes along the genes for hi stones H2A and H4 unfold during their expression in the S-phase and revert to the compact conformation when the genes are repressed in the G2-phase of the cell cycle.
MATERIALS AND METHODS Cell culture, synchronization, and nucleic acid labelling conditions
HeLa-S3 cells were maintained in suspension culture at 3-6 x 10 5 cells/ml in Joklik-modified Eagle's minimal essential medium supplemented with antibiotics, 2 mM glutamine, 1 x nonessential aminc acids, and 5% newborn calf serum (Gibco, Grand Island, NY). Synchronization at the G]/S boundary was achieved with a 2 mM thymidine block for 12 hr, followed, after 9hrin standard medium, by a 5 pg/ml aphidicolin block for 12 hr, as described by Heintz et al. (9) . The cells were released from the aphidicolin block as described (9) , restored to the standard growth medium, and cultured for an additional 5 hr (mid-S phase) or 10 hr (G2-phase).
Short term RNA labelling experiments were carried out in 200 ml of culture (3 x 10^ cells in logarithmic growth) containing 25 pCi of uridine- [5- 3 H] (Sp.Act. 27 Ci/mmole; NEN). After 20 min, the cells were rapidly chilled to 0°C for isolation of the nuclei and preparation of nucleosomes. DNA pulse-labelling experiments were carried out on synchronized HeLa cell cultures (4 x 10^ cells/ml) 2 hr after release from the aphidicolin block. The cells were incubated with 5 uCi/ml [methyl-
3 H]thymidine (Sp.Act.
2.0 Ci/mmole; NEN), rapidly chilled to 0°C, and the nuclei were isolated. After digestion with micrococcal nuclease to release 14% of the total DNA (average of two experiments), the nucleosomes were chromatographically fractionated and the DNA was extracted from each fraction as described (1C). Isolation of nuclei Cells were harvested by centrifugation at 600 x g for 15 min, washed extensively with 0.14 M NaCl containing 5 mM Na butyrate, 0.1 mM PMSF and 0.1 mM 1,2-epoxy-3-(p-nitrophenoxy)propane (EPNP), and resuspended at 10 cells/ml in 80 mM NaCl, 5 mM Na butyrate, 0.1 mM PMSF, 0.1 mM EPNP, pH 7.2. After 10 min, Triton X-100 was added to a final concentration of l%(w/v) and the cells were broken by shearing in a Dounce-type glass homogenizer with a tight-fitting pestle (Type B, Kontes, Inc., Vineland NJ). The homogenate was centrifuged at 2,000 x g for 10 min and the nuclear pellet was washed free of detergent with appropriate buffers as described below. Preparation of nucleosomes Micrococcal nuclease (Cooper Biomedical) was added at a concentration of 10 U/ml to nuclear suspensions containing 1 mg DNA/ml in solution A (25 mM KC1, 25 mM NaCl, 5 mM Na butyrate, 0.1 mM PMSF, 0.1 mM EPNP) containing 1 mM MgCl2, 0.5 mM CaCl 2 , 0.35 M sucrose, and 15 mM Tris-HCl, pH 7.0. After 5 min at 37°C the reaction was stopped by the addition of EGTA to a final concentration of 3 mM. The digest was rapidly chilled to 0°C and centrifuged at 10,000 x g for 20 min. The supernatant, containing the released nucleosomes and representing 10 +_ 1 % of the total nuclear DNA, was collected for DNAsizing, protein characterizations, and Hg-affinity chromatography. Hg-affinity chromatography of nucleosomes The supernatant fraction (S) was adjusted to 5 mM EDTA, pH 7.5, and applied directly to a 1 x 4 cm column of AffiGel 501 (Bio-Rad Laboratories) pre-equi libra ted with solution A containing 5 mM EDTA, 2% sucrose, and 15 mM Tris-HCl, pH 7.8. The column was washed with the EDTA-containing buffer ata flow-rate of 10 ml/hr to remove the unbound nucleosome fraction, and the mercury-bound nucleosomes were subsequently eluted from the column in the same buffer with 10 mM dithiothreitol (DTT; IBI, Inc.) as described (1) .
Further purification of nucleosome fractions
The run-off and Hg-bound nucleosome fractions were separated from smaller chromatin fragments, adventitious proteins, and unassociated RNA fragments by gel filtration chromatography on 1.5 x 90 cm columns of Sephacryl S-200 (Pharmacia), as described (1) .
In order to compare the association of newly synthesized RNA fragments with Hg-bound and unbound nucleosome fractions, each fraction was prepared from cells pulse-labeled for 20 min with uridine [5-3H] and loaded separately on 5 -20 % sucrose gradients in 0.1 M NaCl, 5 mM Na butyrate, 1 mM EDTA, 0.1 mM PMSF, 0.1 mM EPNP. After centrifugation in a Beckman SW28 rotor at 26,000 rpm for 22 hr, the gradients were collected dropwise into 1 ml fractions, monitoring absorbancy at 254 nm and counting aliquots for tritium activity by scintillation spectrometry. Carboxymethylation of accessible histone H3-sulfhydryl groups Isolated nuclei (2 x 10 9 /ml) were suspended in 0.14 M NaCl containing 10 mM Tris-HCl, pH 8.2, 5 mM Na butyrate, 0.1 mM PMSF and 0.1 mM EPNP.
Five mCi of iodo[
3 H]acetate (Sp.Act. 230 mCi/mmole; NEN) was added and the reaction allowed to proceed for 45 min at 25°C in the dark. The reaction was terminated by the addition of 2-mercaptoethanol to 0.5%. The labeled nuclei were washed extensively in 0.1 M NaCl containing 5 mM Na butyrate, 0.1 mM PMSF and 0.1 mM EPNP. Histones were extracted in 4 successive extractions with an equal volume of 0.25 N HC1 and precipitated in 5 volumes of cold acetone. 52p-label1inq and electrophoretic separation of histones HeLa cells (2 x 10^) in logarithmic growth were harvested and resuspended in 50 ml of growth medium containing 20 mCi of carrier-free 32p. orthophosphate (NEN). After 2 hr at 37°C, the cells were collected and washed extensively with cold medium and with 0.14 M NaCl, 5 mM Na butyrate, 0.1 mM PMSF, 0.1 mM EPNP. The nuclei were isolated and digested with micrococcal nuclease as described above. The released nucleosomes were fractionated by Hg-affinity chromatography, as described, and each fraction was dialyzed against 5 mM, followed by 1 mM Na butyrate, and lyophilized. The nucleosomal histones were extracted in 5%(w/v) guanidium chloride, 0.1 mM PMSF, 0.1 mM EPNP, 100 mM potassium phosphate buffer, pH 6.8, and purified by ion-exchange chromatography on Bio-Rex 70 (Bio-Rad) as described (1) .
Histones were separated electrophoretically in 15% po 1 yacry 1 amide gels containing 0.1% SDS (13) . For electrophoretic separation of the acetylated forms of the nucleosomal histones, H3 and H4 in particular, the Bio-Rad 70-purified histone fraction was analyzed in gels containing 15% polyacrylamide, 5.5%acetic acid, 8 M urea, and 0.3% Triton X-100 (14), as described (1) . Gels were stained either with 0.25% Coomassie brilliant blue-R, or silverstained according to Wray et al. (15) . DNA/DNA hybridization procedures
The Hg-bound and unbound nucleosome fractions were each digested with 50 yg/ml RNase A for 1 hr at 37°C, followed by 100 yg proteinase K for 2 hr at37°C in the presence of 0.1% SDS. DNA was extracted as described by Maniatis et al. (10) . Nucleosomal DNA from each sample was blotted onto a nylon membrane (Zeta-Probe; Bio-Rad) using a slot-blot apparatus (Schleicher and Schuell) in quantities of 1 yg and 5 yg,foil owing the alkaline procedure recommended in Bio-Rad Technical Bulletin #1110 (1986). Membrane-bound DNA was hybridized following the Southern procedure, as described by Maniatis et al. (10) . The DNA probes employed were an 866 bp DNA fragment (pHh5G) containing the entire coding region of the human H2A gene and several hundred nucleotides of 5'-and 3'-flanking sequences (16) , and a 710 bp DNA fragment (pHu4A) containing a human histone H4 gene and its flanking sequences (16) . As a control for a gene not expressed in HeLa cells we employed a 0.3-0.4 kb fragment of human a-globin cDNA cloned in PMB9 (JW101) (17) . The probes, nick-translated with [ a -
32 P]dCTP to a specific activity of 1.1-1.8 x 10 8 dpm/vig DNA (18) , and purified on an Elutip affinity column (Schleicher and Schuell), were heat-denatured and added to the hybridization fluid. After hybridization at 68°C for 16 hr, the filters were washed (10), dried at 25°C on Whatman 3MM paper, covered with Saran wrap, and applied to Kodak X-O-Mat film. The film was exposed for various times with a Dupont Cronex I-G Plus intensifying screen at -80°C, and developed in Kodak X-O-Mat M4 developer.
RESULTS

Fractionation of HeLa nucleosomes by mercury-affinity chromatoqraphy
Nuclei isolated from HeLa S-3 cells in the presence of protease inhibitors (PMSF and EPNP) and 5 mM Na butyrate (to inhibit the deacetylation of histones (19) (20) (21) (22) (23) were subjected to limited digestions with micrococcal nuclease to release '\0± 1 % of the total nuclear DNA. The mixture of nucleosomal particles released into the supernatant fraction (S) was applied to an organomercurial-agarose column (Affi-Gel 501) and separated into a run-off and a mercury-bound fraction as shown in Fig. 1 . The basic premise of this fractionation procedure is that unfolding of the nucleosomes in transcriptionally active chromatin makes the sulfhydryl groups of histone H3 accessible for mercury binding. The column employed has been shown to permit the recovery of nucleosomes containing the transcriptionally active DNA sequences of rat hepatocytes (1) and murine fibroblasts (8) by simple displacement of the Hg-bound nucleosomes with 10 mM dithiothreitol (DTT).
The DNA of the Hg-bound and unbound nucleosome fractions was extracted and sized by electrophoresis in 5% polyacrylamide gels (12) . The results show that both fractions contained a mixture of monomeric nucleosomes and multiples of the basic chromatin subunit spaced at ca. 185 bp (Fig. 2) . The monomeric and dimeric nucleosomes clearly predominate and represent about 85% of the total nucleosomal DNA in each fraction. Previous studies of the monomeric nucleosomes of rat liver have shown that the mercury column retains the SH-accessible subunits with over 96% efficiency (1) . The present studies indicate that the column will reversibly bind chromatin fragments at least as long as heptamers with DNA lengths in excess of 1.3 kb (Fig. 2) . 15 20 Fraction Number Figure 1 . Mercury-affinity fractionation of nucleosomes by organomercurialagarose column chromatography. Nucleosomes generated by micrococcal nuclease digestion of HeLa cell nuclei eluted as an unbound fraction (first peak) and a mercury-bound fraction displaced from the column by 10 mM dithiothreitol (second peak). Hg-bound nucleosomes are deficient in replicating DNA sequences but cosediment with nascent RNA fragments Previous studies of the composition of mercury-bound nucleosomes were carried out in non-dividing cells, such as adult rat hepatocytes (1) or in quiescent murine fibroblasts entering the Gi-phase of the cell cycle (8) .
In those experiments the analysis of changes in nucleosome structure due to transcription was not complicated by changes taking place during nucleosome assembly at the replication fork. In the rapidly dividing HeLa cell cultures, however, it is necessary to determine whether the nucleosomes of newly replieating chromatin unfold to a degree that would result in their retention on the mercury column. If so, this would seriously limit the method as a means for the selective isolation of the transcriptionally active chromatin subunits. To test this possibility, HeLa cells were synchronized at the G]/S boundary and allowed to proceed into the S-phase when they were pulse-labeled for 10 minutes with 3H-thymidine. The nuclei were isolated and digested with micrococcal nuclease to release ca. 14% of the total DNA. This led to a substantial enrichment of the radioactively-labeled DNA in the released nucleosome fraction, which contained over 61 %(4.92 x 10 5 dpm) of the total 3 H-activity (8.0 x 10 5 dpm) incorporated into DNA during the short pulse.
A portion of the released nucleosome fraction (S) was applied to the mercury column and the distribution of the radioactively-labeled DNA was compared in the run-off and Hg-bound nucleosomes. Only 10% (17,500 dpm) of the total radioactivity (173,000 dpm) was retained in the nucleosomes bound to the column. The comparative specific activities of the Hg-bound and unbound nucleosome fractions (after purification on a Sephacryl S-200 column) were 80 dpm/yg DNA and 2,080 dpm/yg DNA, respectively. A repetition of this experiment in which both fractions obtained by Hg-affinity chromatography were passed through Sephacryl S-200 to remove small non-nucleoscmal DNA fragments,also showed that the mercury-bound nucleosome's contained only a small fraction (3.8 x 10 5 dpm) of the total radioactivity (1.7 x 10 6 dpm) applied to the column. It follows that, despite the preferential release of newly synthesized DNA sequences during limited micrococcal nuclease digestions, there was no preferential binding of the 3 H-thymidine-labeled nucleosomes to the mercury column. On the contrary, the Hg-bound nucleosomes, those with accessible H3-sulfhydryl groups, are grossly deficient in their content of replicating DNA. This result is in accord with previous evidence that the SH-groups of the two H3 molecules in the nucleosomes of replicating Phyictfium chromatin do not come apart at the replication fork (4).
A similar pulse-labeling experiment with an RNA precursor gave a contrasting result. HeLa cells in logarithmic growth were incubated in the presence of uridine [5- 3 H] for 20 minutes prior to isolation of the nuclei and subsequent chromatographic fractionation of the nucleosomes released into the S fraction by micrococcal nuclease digestion. Radioactively-labeled RNA fragments appeared in both the run-off (4.87 x 10 5 dpm) and mercury-bound (5.01 x 10 s dpm) fractions. Each fraction was then subjected to sucrose density gradient centrifugation to determine whether nucleosomes sedimenting through the gradient remain associated with fragments of the newly synthesized RNA chains. No significant labeling of the IIS monomer peak was detected in the unbound nucleosome fraction; all of the labeled RNA in that fraction remained at the top of the gradient. In contrast, 85% of the radioactive RNA in the Hg-bound nucleosome fraction (4.23 x 10 5 dpm) co-sedimented with the nucleosomes, leaving only 15% (7.8 x 10 4 dpm) of the applied 3 H-activity at the top of the gradient. Since only about 20% of the total nucleosomes applied to the column were retained,, the presence of approximately equal amounts of radioactive RNA in the bound and unbound fractions indicates a five-fold enrichment of nascent RNA fragments in the Hg-bound fraction. While these results do not prove that the Hg-bound nucleosomes were actively engaged in RNA synthesis (because the RNA may have been associated with RNP particles which might have co-isolated adventitiously with the nucleosoires during the chromatographic and centrifugal separations), other evidence supports the validity of this conclusion. For example, it has been shown that the corresponding mercury-bound nucleosomes of rat liver contain both RNA and DNA sequences that hybridize to cDNA probes for the albumin and transferrin genes (1). Psoralen cross-linking experiments have also shown the close proximity of nascent RNA chains to histone-containing, nucleosomelike particles -in v-Lvo (24) . Hi stones of the Hg-bound and unbound nucleosomes
The protein complements of the run-off and retained nucleosome fractions were compared after each fraction had been further purified by passage through a Sephacryl S-200 column to remove adventitious proteins (of MW less than 200 kD) released during endonuclease digestion of the HeLa nuclei. Electrophoretic analysis of the nucleosomal proteins in SDS-polyacrylamide gels (13) showed the major core histones, H2A, H2B, H3, and H4, to be present in stoichiometric amounts in both the run-off and mercury-bound nucleosome fractions (Fig. 3A) . Histone HI was also present in the Hg-bound nucleosomes but in lower proportions than observed in the unbound fraction, and in considerably lower amounts than the expected stoichiometry of one HI per two molecules of each of the core histones (Fig. 3A) . The low histone HI content of the nucleosomes released into the supernatant during a limited digestion with micrococcal nuclease has been noted repeatedly (25) (26) (27) (28) . However, it is also clear that the results of chromatin fractionations following endonuclease digestion vary considerably depending upon the ionic strength and divalent ion concentrations employed (29, 30) . The ionic conditions we have employed in the isolation and treatment of HeLa cell nuclei would be expected to cause some redistribution of histone HI (31) and therefore, we cannot conclude that the HI proportions observed in the isolated nucleosome fractions accurately represent the situation -in vivo. Histone modifications in Hg-bound and unbound nucleosomes Histone acetylation.
The modification of nucleosomal "core" histones by the acetylation of one to four lysine residues in their NH2-terminal domains is a dynamic aspect of histone metabolism which has often been correlated with transcription (reviewed in 32,33). What has been lacking until now is a direct demonstration that the histones of transcriptionally active nucleosomes have high contents of e-N-acetyllysine while the histones of inactive nucleosomes do not. The separation of active and inactive nucleosomes by Hg-affinity chromatography offers a unique opportunity to compare the histone modifications in the two fractions. The reliability of such measurements, however, depends on the stability and persistance of the hyper-acetylated isoforms of the histones during the isolation of the nuclei and during subsequent steps of nucleosome fractionation. This cannot be achieved unless the deacetylase activities of the cell are inhibited immediately upon lysis and during all further steps of the isolation procedure. This fact is readily demonstrated by experiments comparing the proportions of the various acetylated forms of the core histones isolated from HeLa cells in the presence or absence of the deacetylase inhibitor, Na butyrate (19) (20) (21) (22) (23) . For this test, HeLa cells were cultured in the presence of 5 mM Na butyrate in order to accumulate high levels of hyperacetylated H3 and H4 (19) . To preserve the hyperacetylated forms during isolation of the nucleosomal histones we added 5 mM Na butyrate to the cell lysis buffer and to all other buffers employed. For comparison, an equal aliquot of the HeLa cell suspension was subjected to the same histone isolation procedures, but omitting butyrate from all of the buffers. The levels of histone acetylation in both samples were then compared by electrophoretic separation of the various histone isoforms in acid-urea-Triton gels (14) . Because of the positive-charge neutralization due to acetylation of the lysine-E-amino groups, this procedure resolves the isoforms of histone H4 into 5 bands of decreasing mobility corresponding to the unacetylated form and derivatives containing 1,2, 3, and 4 e-N-acetyllysine residues, respectively. Quantitative densitometry of the Coomassie- 3 H]acetic acid and the nuclear proteins were subsequently extracted, separated by electrophoresis on Triton-acid-urea gels, and subjected to autoradiography. The numbers 0-4 denote the non-through tetra-acetylated H3 isoforms. stained histone bands gave the following proportions for each isoform when 5 mM Na butyrate was present throughout the isolation: H4-ACQ=11.8% ; H4-Aq=24.2% ; H4-Ac 2 =25. 7 % ; H4-Ac 3 =21.5 % ; H4-Ac 4 =17. 3 %. When HeLa cells from the same culture were lysed in the absence of butyrate and the histones isolated without the inhibitor being present, the corresponding proportions were: H4-Ac o =80.1 % ; H4-Ac 1 = 17.8 % ; H4-Ac 2 =1.6%; H4-Ac 3 =0.5% and H4-Ac4= not detectable. Consequently, all nuclesosome fractions used in Hg-affinity chromatography have been prepared in the constant presence of 5 mM butyrate and, to minimize histone degradation, all buffers contained the protease inhibitors, PMSF and EPNP.
A comparison of the electrophoretic patterns of the histones prepared from the run-off and mercury-bound nucleosomes of HeLa cells in logarithmic growth shows that the histone H4 molecules in the unfolded nucleosomes of the retained fraction have much higher levels of acetylation than do those of the compactly beaded nucleosomes of the run-off fraction (Fig. 3B) . The differences in their contents of the tri-and tetra-acetylated forms of histone H4 are particularly striking (Fig. 3B) , densitometric analysis showing 40% of the total H4 to be tri-and tetra-acetylated in the Hg-bound nucleosomes, as compared to only 10.5% in the unbound fraction.
Similar differences have been found in the levels of acetylation of histone H3. In this case, a more direct assessment of the degree of H3 modification was made possible by exploiting the reactivity of the H3-SH groups in transcriptionally active chromatin In 6-U.u (1,2) . The selective derivatization of histone H3 by the SH-reagent, iodo [ 3 H]acetate, was carried out in intact HeLa nuclei and the histones were then isolated and analyzed by electrophoresis in acid-urea-Triton gels. The proportions of the various acetylated forms of the SH-accessible H3 molecules were determined by autoradiography of the gels and quantitative densitometry of the bands in the H3 region. The results (Fig. 4) clearly establish that the accessible H3 molecules distributed throughout the chromatin are highly acetylated, with 64%of the radiolabeled H3 present in the tri-and tetra-acetylated forms and only 21 % present as the non-and mono-acetylated forms. In contrast, no derivatization of H3-sulfhydryl groups takes place in the compactly beaded nucleosomes of inactive chromatin (1). Thus, both procedures confirm that the major histones of the nucleosome core, H3 and H4, are extensively modified in the unfolded nucleosomes to a degree that would be expected to release electrostatic constraints on the associated DNA strand and make it more accessible for transcription. Phosphorylation of nucleosomal proteins. HeLa cells in logarithmic growth were incubated in the presence of -^^P-orthophosphate for 2 hours and the nucleosomes were prepared and fractionated by Hg-affinity chromatography. The histones of the Hg-bound and unbound nucleosomes were extracted, purified by ion-exchange chromatography, and analyzed by SDS-polyacrylamide gel electrophoresis. The distribution of 32p_]abeled proteins was determined by autoradiography. A comparison of the histone staining patterns with the corresponding autoradiograms shows that histone H2A in the unbound nucleosomes had incorporated "p-phosphate (Fig. 5A ) while the H2A of the mercury-bound nucleosomes was not ^P-labeled (Fig. 58 ). This striking difference in the active and inactive nucleosome fractions suggests that this post-synthetic modification of H2A, unlike the acetylations of histones H3 and H4, may DNA probe H2A H4 c-myc
Cell cycle-dependent changes in the distribution of histone gene sequences in nucleosome fractions separated by Hg-affinity chromatography. DNAs extracted from the run-off and Hg-bound nucleosomes prepared from synchronously dividing HeLa cells in the S-and Go-phases were analyzed by quantitative slot-blot hybridizations to 32p-labeled genomic DNA probes for human histone H2A and H4 genes. Note that the histone DNA sequences occur in the Hg-bound nucleosomes during the S-phase, but not during the G2~phase. The column on the right compares the hybridization of the nucleosomal DNA fractions to a human c-my_c DNA probe (a 9 kb Eco Rl -Hind III restriction fragment isolated from plasmid pHSR-1 (42)). All hybridizations employed 1 vg of the 32 P-labeled DNA probes.
correlate with the transcriptional -inactivity of the associated DNA. This conclusion would be in accord with observations showing high levels of H2A phosphorylation in the transcriptionally inert heterochromatin of VeAomyicuA cells (34). Because we have not used phosphatase inhibitors, such as 50 mM Na bisulfite (because of possible changes in the redox state of the histone H3 cysteine residues), the results must be interpreted with caution (cf. 35).
Other phosphorylations of nucleosomal proteins involve histone HI and an unidentified protein migrating between histones HI and H2A (Fig. 5) . The unidentified protein did not comigrate with HMG-14. Nucleosome structural transitions on histone genes
The synthesis of the major histones of the nucleosome core particle is coordinated with DNA synthesis in the S-phase of the cell cycle (reviewed in 36, 37) . This apparent coupling of histone and DNA biosynthesis is achieved by both transcriptional and posttranscriptional control mechanisms which regulate the synthesis of the histone mRNAs (9, 38, 39) and the stability of the histone messages (9) . We have focussed on the relationship between histone gene transcription and chromatin structure by comparing the nucleosomes of the genes for histones H2A and H4 in their transcriptionally active and inactive states, using mercury-affinity chromatography as a probe for nucleosome conformation.
HeLa-S3 cells were synchronized at the G-j/S boundary by successive blocks with thymidine and aphidicolin (9) . Following removal of the aphidicolin, the cells were allowed to progress through the cell cycle, taking aliquots of the suspension at mid-S phase (5 hours) and in the G2~phase (10 hours). The nuclei were isolated, and the nucleosomes released by a brief micrococcal nuclease digestion were fractionated by Hg-affinity chromatography. The ONA sequence contents of the run-off and Hg-bound nucleosome fractions were probed by slot-blot hybridizations to 0<: P-labeled cloned genomic probes for human histone H2A and H4 genes (16) . The results (Fig. 6) show that the nucleosomes containing these histone gene sequences were retained by the mercury column during the S-phase when transcription was active. Quantitative densitometry of the hybridization signals in the mercury-bound and unbound nucleosomes showed 70 % of the H2A and 60 2Sof the H4 DNA sequences in the S fraction to be present in the bound nucleosomes. These sequences were not retained by the mercury column during the G2-phase when transcription of the major histone genes is repressed. At that time, all of the hybridization signal was recovered in the run-off nucleosome fraction (Fig. 6 ). It follows that the unfolded nucleosomes containing the active H2A and H4 genes must have reverted to the compact beaded state when their transcription had been terminated. This evidence for the reversibility of nucleosome unfolding is in accord with recent findings showing the rapid reversibility of nucleosome conformational changes during the activation and repression of the c-fos and c-myc proto-oncogenes in serum-stimulated mirine fibroblasts (8) .
In HeLa cells, as in other cell types (40, 41) , c-myc is transcribed throughout the cell cycle. We have examined the Hg-bound and unbound nucleosome fractions prepared during the S-and G2-phases for their contents of human c-myjc DNA sequences. Slot-blot hybridizations to a 32p-i a beled 9 kb human c-myc DNA probe (42) , showed the c-myc sequences to be present in the active, Hg-bound nucleosomes at both stages of the cell cycle, in agreement with the known cell cycle-independence of c-myc expression (40, 41) .
As a control for a gene not expressed in HeLa cells, we examined the Hg-bound and unbound nucleosome fractions for their contents of a-globin DNA sequences. No a-globin DNA could be detected in the nucleosomes retained by the mercury column during either the S-or G2-phase of the cycle. However, only a weak hybridization to the 32 P-labeled a-globin cDNA probe was detected in the run-off nucleosome fractions, and we conclude that much of the inactive a-globin chromatin was not released from the nuclei during the brief digestion with micrococcal nuclease (which released only 10% of the total nuclear DNA into the S fraction).
DISCUSSION
The selective retention on mercury columns of nucleosomes containing accessible histone H3-sulfhydryl groups provides a new experimental approach to the analysis of nucleosome structural and conformational changes during transcription. Because the unfolding of the nucleosome uncovers the cys-110 sulfhydryl groups of histone H3, which are known to be centrally located in the nucleosome core (3, 4, 6, (43) (44) (45) (46) (47) , it follows that some DNA-protein contacts in the middle of the core particle have been altered. And, judging by electron micrographs of the unfolded nucleosomes of Pkytcuium ribosomal genes (2), protein/protein contacts within the histone octamer must also have been altered in order to generate the apparent pairs of half-nucleosomes.
Comparisons of the mercury-bound and unbound nucleosomes of HeLa cells show that both fractions have a full complement of core hi stones H2A, H2B, H3 and H4, but they differ with respect to the postsynthetic modifications of those histones. The Hg-bound nucleosomes have much higher contents of the tri-and tetra-acetylated forms of H3 and H4, histones which occupy the central domain of the nucleosome core (45) (46) (47) . Because the hyperacetylation of histones H3 and H4 neutralizes the positive charges on the lysine residues clustered in their Nh^-terminal domains, this would be expected to release some of the electrostatic constraints on the enveloping DNA strand.
Several lines of evidence point to acetylation as playing a key role in the mechanism of nucleosome unfolding. For example: 1] comparisons of the thermal denaturation curves of hyperacetylated and hypoacetylated nucleosomes show that the major cooperative transitions in the melting profile (due to melting in the central domain of the nucleosomal DNA) consistently occur at lower temperatures for the hyperacetylated nucleosomes than for the controls (48), 2] the DNA of hyperacetylated nucleosomes is far more accessible to attack by DNase I (23, 49, 50) . And, most significantly, this involves a site at the middle of the nucleosome 60 base-pairs from the ends of the DNA which is DNase I-resistant in unacetylated nucleosomes (49, 51) . The same site was shown by cross-linking experiments to be a strong binding domain for histone H4 (52), 3] hyperacetylation of the histones in butyrate-treated cells is known to alter nucleosome conformation, as evidenced by an increased reactivity of histone H3 sulfhydryl groups (7), by an enhanced susceptibility of the H3 NH2-terminal region to phosphorylation (53) , and by striking changes in the accessibility of several of the histone epitopes to specific antibodies (54) .
The present experiments show that conformational changes associated with histone hyperacetylation can be exploited to permit the isolation of transcriptionally active nucleosomes by selective retention of the unfolded nucleosomes on organomercurial-agarose column. The results provide new and direct evidence in support of the view that hyperacetylation of histones H3 and H4 may control the accessibility for transcription of the associated DNA sequences, as originally proposed (55) . The fact that the hyperacetylatec' Hg-bound nucleosomes contain histone gene DNA sequences when they are being transcribed in the S-phase, and not when their transcription is repressed in the G2"Phase, is strong evidence that nucleosome conformation is dynamically controlled to coordinate with transcription. This is a reversible process which, for some genes, such as c-myc and c-fos, may occur within minutes (8) . The rapid kinetics of histone acetylation and deacetylation are compatible with this requirement. How such differential acetylation is achieved in active and inactive chromatin remains a challenging and unsolved problem.
An important question affecting the utility of Hg-affinity chromatography as a means for selecting transcriptionally active nucleosomes is whether the assembly of nucleosomes in replicating chromatin involves sufficient exposure of the histone H3-sulfhydryl groups to allow their retention on the mercury column. Since all of the DNA is replicated while only a fraction is transcribed, this would seriously limit the range of application of Hg-affinity chromatography as a device for the isolation of the chromatin subunits in their transcriptionally active configuration. Fortunately, the pulselabeling of HeLa cells with ^H-thymidine during the S-phase shows that the Hg-bound nucleosomes are grossly deficient in' newly replicated DNA. It follows that the presence of histone H2A and H4 DNA sequences in S-phase nucleosomes is not likely to represent a selective binding to the mercury column of nucleosomes from replicating histone genes.
Finally, it should be noted that changes in nucleosome topography are only a part of a much broader program of chromatin reorganization associated with transcription (see 56-58 for reviews). In the case of the human histone H4 gene, an upstream DNase I-hypersensitive site expands during transcription and narrows again to its original site when the S-phase is completed (59) . There is also a disruption of the canonical nucleosome spacing which correlates with transcription in the early S-phase. Further remodelling at the 5'-end of H4 chromatin occurs when transcription and replication are complete (60) . How these changes relate to nucleosome unfolding in different regions of the histone genes remains to be determined.
